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I. ABSTRAC 


The induction machine as an independent generator 
of asec power has been ignore’ in favor of the synchronous 
machine, As of this date, little information on the 
steady stats characteristics of the induction generator 
appears in the literatures information on paralleling and 
on transient behavior could not be found, 


The object of this thesis is an investigation into 
the characteristics of the s'wınt capacitor-oxcited induce 
tion generator both in steady state and during transients 
with an eye toward the vossibilitios of its use in special 
pover plants, 


It ls revealed that the induction generator - 


(а) in conjunction with static condensers can 
generate and deliver rated power with a pure 
sine wave voltage and an efficiency comparsble 
to that of a synchronous generator, 


(о) Ав an “asynchronous” mechins, but its generate 
ed frequency is controllable by automatic 
regulation, 


(c) 18 especially desirable and adaptable when 
specifications call for hish rotor £peeds for 
high frequency power supply, 


The paralleling of two induction censrators із an 
opsrıtlon of extreme simplicity requiring no Special equip- 
ment such asp synehroscopes and no special skill of the 
operator, 


Under fault conditions, ail voltages and current 
transicnts are substantially ovor after, at most, six 
cycles, A short circuit morcel; drains the excitation from 
the induction senerator and the voltage cuickly collapses, 
Tne generator currents are linitod to ebout four times the 
rated current for the first cycle and less than rated 
current for the remeininr transient., Thus, the nature of 
the induction gencrator connections, that is, shunt con- 
densers aoross the stator terninals of the induction 
machine, mekes for inhoroent generator safety. 
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II, INTRODUCTION 


It 18 well known that when an induction motor is driven 
above synchronous speed it becomes a generator апа delivers 
power to the bus to which it 1s connected. A common 
impression appears to exist thet in order for en induction 
machine to operate as a generator it must be connected to а 
source of a-o power, Such is not the case; an induction 
machine may operate Qs an independent source of power, the 
magnetizing current being supplied by static capacitors. 

The fact that such operation is possible nos been known 
for some time s » but little hos boen written on this sub- 
ject until resently. Smaller, lichter, and less expensive 
eapacitors of today make more feasible the use of induction 
generators for а-о power generators. The use of a squirrel 
cage rotor in the induction generator offers advantages of 
(1) ruggedness, (2) low maintenance, (3) higher speed 
possibilities, and (4) low cost of construction. 

No information could be found in the literature on 
paralleling of induotion generators or on the transients 
that exist in the machine under normal and abnormal operation. 

This thesis is an investigation of the characterfatics 
of a shunt cepacitor-excited induction generator both in 
steady state and undergoing transients of (1) voltage build up, 
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* Supersorlpis refer to references as listed in the biblio- 
graphy, Appendix. 
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motor load, (3) paralleling wi tán 


nora tor, and (4) Brort circuits. 
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The prooedure used in this thesis was experimental in 
nature. In steady state the characteristics of an induction 
generator were obssrvod. Instrumentation was provided to 
indicate generated voltage and frequency, generator and load 
currants, load power, and load power factor. The practica- 
bility of paralleling two induction generators was investi- 
gated. А frequency regulator for & sinzla induction generator 
was desismed and its characteristics measured. 
Usin; an oscillosraph, rosponses of Genzrated voltage, 
lime current, and generator current were r>oorled for A 
sinzle genarator under the followinz transients: 
(a) No load volta;s build up. 
(b) Starting an induction motor. 
(ο) Three phase short circuit. 
(а) 3ingls phase short circuit. 
(e) Parallolinz two wenorators. 
(f) Frequency reulation following a step load. " 
The details of tho exporinont&l Sorocedureə together with 
& cirouit diagram for stoady stato and parallclin;; operation 


testin:; appear іп the Appondix. 
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A. Steady State Characteristics, 

When an induction machine connected to @ source of 
electrical power 18 driven above synchronous speed, its 
п-п 

n 


5 
generator delivering electrical Sower to the source, 


slip, » 13.negative end the machine acts as a 
Moreover, if the machine is connected to a capacitive 
Ammedance, the leading current drawn by that inpedance 

will exoitte the stator winding, and the machine cean operate 
independently as en a-c zenerators 1.e., it is no loner 
required that the machine be connected to a source of elec- 
trioal nower, Assurance that the Π.αΟ пе 8908 a canacita- 
tive impedance can be vrovided by shunt canacitance across 
the machine terzinals. 

The no loed voltage of an induction generator with 
oapacitor-excitation is deternined by the interseotion of 
the saturation curve (no load voltage vs. stetor current) 
and the reactance line for N (‘See ЭМР. 1.) If X, becomes 
too large (1.e., 1f the excitation capacitance is too small) 
the machine cannot hold a voltage. Tne similarity of 
determining no load voltage in a d-c machine is to be noted. 

A method for calculating tre steady state nerformance 
of the induction generator hos been developed by Dr. J. Yriauf, 


of the Burcou of Shins, (United States) Navy Departzent’. 
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This məthod, which has been verified experimentally 





based on the equivalent circuit of the induction machine. 













It shows that the induction sonerator with shunt capıcitor- 
oxeitation can deliver pover to an increasin,:, load until 
(referring; to the equivalent circuit, zin. 11) the vector 
$um of the ad:.ittanco of the stator and load branch, X, 
2118 tu? &iiltt$neo of the rotor oranch, Yo, becomes less 
than the raquired raza tizin3; susceptance, Yn . «At this 
peint the senerator loses excitation and tiie voies 
collapses. Further verification of tiis calculation methel 
deeseen in “iki. 211 мысе 18 a ccmposnite curve of tive б 
state anaragcteristics cf tho two generators used in the 
oxperimsntal work. 

in Fils. III the loa31 curvos for the two ‚ensrators have 
been rationalized and placed on a per unit basis so that with 
unity power factor, 1.0 per unit load current gives 1.0 per 
unit voltage. The raw data from which the curves іл Б. DE 
are plotted is tabulated in the Appondix and is plotted in 
Sis. A-II*. Also a schamatic día ram cf the circuit used in 
the steady state and parall21 operation testins is shown in 
Elm. АГ. 

Referring дап to rig. Ili, it will be noted that with 


unity power factor th? voltaso holds up under much ,;roatsr 
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ж Біз. A-I and Fis. A=II are in tho Appendix. 
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EQUIVALENT CIRCUIT 


Үз - 


Load 





stator resistance 

rotor resistance for 121 ratio 

stator reactance 

rotor reactance for 1:1 retio at synchronous frequency 
slip 

magnetizing reactance 

reactance of capacitor for excitation 

load impedance 

admittance of the complete circuit to the right of points 
A and B 

admittance of the rotor circuit to the left of points A 
end B 

admittance of the magnetizing reactance connected directly 
between points A and B 


і], ip, 13 - currents as indicated on the figure 


Fig. IL 
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IV. RESULTS AND DISCUSION OF ReSULTS (cont.) 


loed than with a power factor of 0.8 lagsing. A leading 
power factor load will increase the excitation, and thus the 
voltage, until limited by saturation, However, the armature 
resistance will at higher valuss of load current decrease the 
line voltage, Actually this phenomena could not be fully 
tested because of the heavy currents imposed on the machine, 
It will be observed in Fig. III that the last experimental 
point on the leading pover factor curve 18 at I, = 0,9 per 
unit, At this point the generator 15 carrying the voctor 

sum of the capacitor current plus the load current, about 

1.49 per unit, 

If 1t is essential that the generator deliver nearly cone 
stant voltage over its power range, a solution to the problem 
is variation of the excitation reactance to provide more or 
less (depending on power factor) capacitance at higher loads, 
This might be done by using a voltage error measuring means 
which would conpare line voltage to a reference and deliver 
an error voltage as an output. This error voltage in turn 
might then be used to adjust the excitation capacitance to 
bring the generated voltage to the reference level, However, 
the time lag in such a control system must be small compared 
to the time of voltage build up (to be discussed later) of 
the induction generator because if tho losd is suddenly dis- 
connected and the excitation capacitance is held high, 
dangerously large voltages and excitation currents may result, К 
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. RESULTS AND DISCUSSION QE RiSULTS (cont, ) 


If the featurs of voltage collapse under heavy loads is 
unacceptable, compound excitation may be used, Compound 


excitation provides a capacitor in series with tho load in 





addition to the shunt capacitor, It is readily ssen that 
under this arrangement the machine cannot lose excitation 
even when the load is a dead snort, for such a condition 

merely provides another capacitor in parallel with the shunt 
capacitor, There are, unfortunately, conflicting reculrenents 
on the series capacitor, It must bo very largire so that no 
substantial voltage drop ís loct in it bafor> the voltage 

is deliverad to the load,  iowvevor, if a short occurs across 
the load, a very large series capacitor will then draw danger- 


ously large currents and may build up excessive voltages in 


the machine, 

In Fig. IV, load characteristics of machine No, 704 have 
been plotted on a per unit basis with rated values of pover, 
current, and voltage chosen as bases. Those curves in addition 
to showing the drop-off of voltage at higher powers indicate 
the relationship of generator stator current, То» with lond, 
біпсе Ї.=Тс+1,, the case of the lagging. power factor load 
Shows generator current rapidly drop-ing off with increasing 
loed until the excitation is lost, ‘ith loadings power factor 
the generator current sbows an incroase wit’: increasing load, 
With unity power factor the generator surrent increases only mE 


slightly with lord, _ 11 - 
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IV. RESULTS AND DISSU3ISION OF RESULTS (cont. ) 


aven under no load an induction generator with oapacitor 

















excitation has oirculatin:t currents in its stator. This excit 
ims current із equal to the phase voltage divided by the phasi 
excitation reactance. The bower renuired to excite the 3.73 
К? maohine (6 voles) at no load and rated voltage із 0.29 Ка, 
or 7.7% nf rated mower. For the 5.6 Ki machine the power for 
no ldad excitation at rated voltage 13 0.54 EY or 9.7% of 
reted nover. This larger machine 38 8 nole ghanging machine 
and was oner ted at & synchronous snecd of 90C RPM, or 8 poles 
The arount oF flux in the air gan is yronortional to the numbe 
of moles and it 1s to be exnocted, trerefore, that »rovortíiona 
ly sva ier nower 18 required to exolte tie macnine with fewer 
poles, Thun, there ls à distinot advantage lnsofe&r аз excita- 
tion 1^»89569 are concerned in desicning the induction generator 
witht fewer noles and the ecrresponding nigher speed. 

Im regard to effic'ency of the induction generator, te 
5.6 KT unit ( ach. No. 704 coupled to a 7.5 H.P. d-c drive 
motor) delivered 4,8 KY to a unity vowor factor load for 7.1 
me a-€ Dower imut to tre drive motor. The efficiency of the 
unit tren is 67.5% If the losses are divided equally between 
the drive toter and the “enerator, the efficiency of the in- 
duction generator 13 83%. 

The smaller unit (ach. No. 804 driven by a 4.5 1.7. а-о 
ШТ те votor) delivered 2.1 КЧ to a unity nower factor load for 


3.67 К” а-о nower inout. The efficiency of the unit then 18 
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IV. RESULTS AND DISCUSSION OF 5.1455 (соп%.) 





Blip measuring devices available, But it is important to 
noto here that the specd of the prime mover of an induction 
generator (if line frecuency 1s to bs held constant) must be 
 sdjusted so that the rotor speed minus the slip speed is 
equal to the synchronous speed, 

A suggested method of controlling the lins frequency is 
to use a small synchronous motor running off the line, By 
means of a tachometer connected to the shaft of the synchro- 
nous machine, an error voltage proportional to the orror in 
frequency can be fod back to adjust the pover input to the 
prime mover, The circuit dilesran for such a systen is shown 
in Pig, V, Since the prime mover in this case was a d-c motor, 
the error voltage was used to adjust the resistance of the 
motor field, Measurements of frecuency under various loads 
revealed that up to full load on machine No, 704 the frequency, 
dropped. off less than 0.4 cycles per second which corresponds 
to a frecuency error of 0,667 per cent, By ths use of more 


sensitive rolays, this error could have been reduced, 





В. Transients In Induction Gonerstor Operation 
No Load, Yoltaze Build Up 


AS is the case with a self excited d-c gmierator, a re- 


== 


quirenent for initiatin: voltage build up in a capacitor- 
excited induction generator is the presence of residual 
magnetism, In the course of tho experinrntal vork the voltage 
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was built up sevoral hundred timesy and in only one case 











it necessary to flash the ficld using an external source, 

In 1935 Bassett and Potten? denonstrated the anology of 
voltages build up in the capacitor-excited induction generator 
to the voltage bulid up ín a direct current generator, Fig. I 
Brows the no load saturation curve of machine No, 704, This 
curve shows that there is a critical capacitive reactance 
above which the generator will not build up. If Cz142,8 
microfarads, then X.=z19,7 ohms and the generator terninel 
voltage builds up to 267 volts. If C ís increased until 
Хол 15.7 onms the terminal voltage builds un to 300 volts, 
The dotted lines in this figure are inserted to show cuali- 
tativeiv the rate of voltage build up, It is seen that the 
rate of build up increases up to point B on the saturation 
curve and then decreases until the voltage settles down to 
tnat determined by Kos 

Fig. Vi, which is an oscillogran of voltage build up 
of machine No. 704, bears out the discussion above,  Noeglect- 
ing the initial transient, which is of short duration and of 
no consequence, it is seen tnat the voltage builds up slowly 
at first. The rate of build up, indicated by the envelope 
(not shown) of line III increases until B - B is reached, 
Ὁ - Bon Fig. VI compares to point B on Fig, I. Beyond B - В 
606 envelopes of line III rises at @ @iminishing rete until it 
lavols off at the steady state voltage determined by Kos 
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IV. RESULTS AND DISCUSSION OF RESULTS (cont,) 





Starting Induction Motors. 
After seoing the induction generator build up to voltage, 


the next step 15 to investigate how losding effecta the 
machine, Line I of Fig. VII shows the Btarting current of a 
vound rotor induction motor rise to several times running 
current and decay exponentially to running current value, Slot 
harmonics due to the presence of the motor's rotor winding 
Slots are evident in this current trace, The generator volte 
age (line III) and the generator stator current (line II) are 
seen to dip as the induction motor Starts, 

The starting transients of a second induction motor, one 
of scuirrel cage rotor construction and of greater rating than 
the first, jis shown in Fig. VIII, Line II shows the starting 
current to the induction motor, The absence of slot harmonics 
48 noted, Since this motor is rated at, double the horsepower 
rating of thse previous motor, and also since an inertie com- 
parable to the rotor inertia itself is attached to this second 
motor, a groeator dip in genorator voltage (line III) and а 
corresponding dip in generator stator current (iine I) is to ` 
ba expscted, Lower voltage and current to the machine being 
started causes its toroue to be reduced to a low value, end & 
relatively long time is needed to accelerate up to final Bpod, 
during which time the current decays to running value and the 


1119 voltage and stator current build back up almost to the 
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me АЮШ ДО AND DISCUSSION Q7? RESULTS (cont.) 





original value, The motor (1 H.P.) із about the limiting 
size that the induction generator (5.6 K.W.) would start, А 
larger motor load would draw more current from the stator of 
the generator; the conseouent lower voltage and lower line 
current would produce insufficisnt starting torque, Thus, 
the induction gonerator with shunt capacitor excitation may 
fail to start a motor load of about one-seventh its own rat- 
ing. Two possibilities exist to increase the motor load that 
en induction generator will oarry; (1) provide starting com- 
pensators for the larger motors, or (2) use compound e$xcita- | 


tion for the generator, 


Three Phase Short Circuit. 
- For three different conditions of loading, oscillograns 


were taken to study tho induction gensrator characteristics 
under a three phase short circuit, Fis. IX shows transients 
following the short circuit from a small induction motor load, 
Ple. X shows the transionts follovinge the short circuit from 
rated unity power factor balanced load, and fis, AI is for the 
ease of unbalanced load consistin; of a three phase induction 
motor load plus an unbalanced single phase lighting load, 

In general these three oscillograms indicate that all 
transients die out in about three cycles, The interesting 
phenomena is thet in no case does the generator have danssrous 
Stator currents, Three to four times rato current for one 
oyole will not harn an induction mechine, The very nature of 
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IV, RESULTE AND DISCUSSION OF RESULTS (cont,) 


the shunt capacitor-excited induction generator is to make 


for machino safety under short circuit. The effect of a 





Ghort circuit 15 to draw the charge out of the existing con- 

densers, thus there is no excitation of the generator and the 

voltage collapses with the decay of the magnetic field in the 

generator as shown by line III of all three firures, 
Referring to Fig. IX in particular, it is interesting 

to note the exponentially decaying sinusoidal wave of small 


amplitude and hish frecuency occurin: during the first 


quarter cycle of the line current trace shown on line I, This 





decaying sinusoid is most likely a resonance condition set up 
in the oiosed path of the exciting condensers (C), the induc- 
tance (L), and resistance (R) of linos leading to the short 
| circultins switch, The frecuency of the sinusoid being 
deternined by values of L and € and the rate of decay being 
deternined by ñ, 
Calculation of frecuency of sinusoidal exponential decay 
Of high frequency wave componcnt occuring during the first 
euartör cyele after short circuit: 
Converting, σι to Су 
Length of leads from condensers to shorting switch 


Cy = 3 σι = 5X 143 = 429 uf, 


15 yards, 
\ssuning, one microhenry of inductance per yard length, 
de 
e darlo M ue и 
T ras 7 Жи το = Әл) 429515 ΟΝ. 
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OF RESULTS (eont.) 


By count of actual curve, f og = 7.5 cycles per quarter 


сус1е о? main wave or 7.5 X 4X 60 = 1800 eps, 

2000 conpared to 1800 is a close order of magnitude 
checkx¿ so the resonance condition assunption is reasonable, 
Another observation that fits this resonance explanation 18 
the voltage curve (line ITI) which algo has an exponentially 
decaying, Binusoid of the sane frequency as the one in the line 


current, 


The same remarks also apply to Fig. A, since the time 





Scale is compressed in the latter figure the high order 
exponentially decaying sinusoidal is not clear in the line 
current (II) but is visible in the voltage wave (III), 
Before t = О the unbalanced load (Fig, XI) causes an 
irregular stator current wave (I); however, note the clean 
Bine wave of voltage (III). Thus it is seen that the induo- 
tion generator is comparable to a transformer; that is, its 
exciting: current varies non sinusoidally to maintain 
sinusoidal output, This characteristic of civing a pure sine 
wave has been demonstrated even with sallent pole provant, 
Except for a slightly longer transient decay, probably due 
to greater megnetic energy Storsge, there із little matter 
in short circuit behavior whether the load on the induction 


machine 18 balanced or unbalanced, 
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IV. RESULTS AND DILCUSSIQN QF RSDULT8 (oont.,) 


| A single phase short circuit is more аку to occur 
than a three phase short, Fir. XII is a composite of two 
oscillogrens to demonstrate the effect of-a singie phase 
short circuit on the induction generator, Heving only four 
elements in the oscillograph used, it was necessary to make 
two runs to obtain all the desired traces, In this firure 


lines I - IV are on one oscillogram¿ lines V - VIII, on a 








second. The last two inches of the lower traces have been 
Ben to make the appearance complete, Other traces which 
Showed this complete die out were used in drawing the curve, 
and it is, therefore, reasonably correct. Lines I and V are 
both traces of phase A line current aná are seen to match up 
almost identically. Thus the complote figure might have 
been obtainsd by an eight element oscillograph, The traces 
of line voltage and current before t = O give a 60 Gps 

trace for timing reference, 

Agein, it is found that the inluction gsnerat:r under- 
goes no serious transients, The hignest por unit current in 
the machine is about three or four as indicated in lino III 
for phase B, Phase C would have been a Similar trace displaced 
by 120 degrecs, The worst stator current transiont (III) re- 


turns to a one per unit value or less after one and a half 
¿Win 
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IV. RUSULT3 AND DI32U33IQNH Of RESULTS (oont.) 


cycles. The unshorted phase stator current, line IV, never 
exceeds one per unit and merely decays away as does the un- 
shorted line to line voltage, tine VII. 

It is interesting to note that the same resonance effeat 
fexolained by calculetion under three phase sort circuit 
exists іп the sorted phases oí the exoltin; condensers and 
lines leading to the s .ortinr switch. Thus the superimnoned 
exnonentialiy decayinz sinusoids during the first quarter 
cycle of lines II, VI, and VIII are probably due to a 
resonance condition set up by the excitins condensers (7), 
line inductance (L), and the loop resistance (=). Land 6ο 
determine the frecuenoy of the sinusoid and R deterzines the 
rate of decay, 

The decay of voltage takos about six cycies in the single 
phase short circuit compared to ¿hno three cycles of the three 
phase short circuit. “is double time of decay for the 
віпсіс chase snort merely snows that a longer tine із necessary 
to dissipete the energy stored in the excitin; condensers and 
in the magnetic fleld of the machine. The diagram on Fig. 

AIT shows that one excitation capacitor is shorted singly while 
the others are in series across the short, Since line VIII 
shows a substantial zero voltage across BG, and since a 

voltage is indicated across ACS in line VII, the voltage across 
BA must be substantially equal and opnosite to the voltage of 
AS. ‘thus one excitin; condenser can be at zero voltage woile 
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ТУ. RESULTE AND DISCUSSION QF RESULTS (cont, ) 


the other two, still having voltage, excite the machine, 
When the energy of the condensers and magnetic field of the 
machine have dissipated through the short circuit, the 
voltage of all phases of the induction generator 15 zero, 
Again it is pointed out that tho connections of the in- 
duction generator inherently make for safety of the machine 
under short circuit. The effect of a short is to drain the 
excitation current from the excitation condensers, which 
causes voltage collapse, Consequently, the stator currents 


of the machine are neither large nor of long duration, 


- 


The transients during, parallelins, are shown in Figs, 
XIV, XV, and XVIg and are oxplainsd in scction C, Parallel 
Operation of Induction Generators, In soneral the transients 


in paralleling are of no consequence to the machines, 


Frequency Regulation Following A Step Load. 
Fig. V show8 a circuit diagram of the frenuency regula- 


tor togcther with an oscillogram of the frequency response 
to a step load, It is noted from the oscilllorran that the 
frequency has substantially reached a steady state condition 
in 0,66 seconds folloving application of full load at unity 
powor factor, The mean line in the center — indicates 
line frequency; the spread of this trace is duc to ripple 
voltage of the d-c tachometcr, This regulator was designed 
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IV. RESULTS AND DISCUSSION CF RzSULTE (cont.) 


for experimental purposes only. For application to a practi- 


cal generator, refinement and adaptation would be needed. 


C, Parallel Operation Of Induction Gonerators, 
Paralleling may be desirable to most peak loads or to 





exchange generators while maintaining, continuous sorvice, 


It is culto possible to parallel shunt ospacitor-excited in- 





duction generators, 


Paralleling Procedure. 


The procedure recomnended for paralieline is as follows; 





(1) Bring the incoming machine up to approximately rated 
speed with no shunt capacitance. (2) At any instant connect 
the induction machine terminals to the terminals of the 
induction machine in operation, (3) Adjust the shunt capaci- 
tance to obtain the desired linc voltase. 

Tho speed of the incoming machine iz not too critical, 
If the incomins, machine is running above synchronous speed, 
the machine will come in as a cenerator; if runnins below 
BSynchonous speed, the machine will come in as a motor, If 
the incoming machine's speed is very low or stopped, it acts 
ав а low impedance load on the terminals of the operating 
machine, This low impcdance will draw the excitine current 
from the operating machine anil cause a voltages collapse, 

The instant of parallolins is not critical, The transients 


that follow are of no conseauence, The transients are 





IV. RESULTS AMD DISCUSSION OF RESULTS (cont.) 


recorded on oscillograns and aro discussed later in this 
section, 

After the instant of paralleling, the excitation conden- 
sers must excite both machines; thus, the terminal voltage 
drops, Бог this reason it is necessary to increase the 
capacitances to reestablish rated voltage. The capacitances 
could be increased before or at the instant of paralleling 
in anticipation of the additional roauirenent of excitation 
eurrent, | 


The above procedure is recommended because of its 





Bimplicity, Of course, if the incoming machine were excited 
by separate condensers, the voltage and the frecuency could 
be adjusted to exactly equal that of the machine in operation; 
and by the use of synchronizing lamps the proper instant of 
paralieling is detersinsd in the conventional manner, This 
method recuires more equinment and more care on the part of 
the operator, 

Once the machines are in parallel they act similar to 
Synchronous senerators in parallel, Referring be Fig. XIII 
it 4s seen that two induction machines in parallel have a 
drooping voltaro characteristic with unity power factor load, 
This curve compares to the drooping; voltage characteristic 
with unity power factor load of a sincle generator as souown 
Ша Fig, IILI, 
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IV. RESULTS AND DISCUSSION OF RESULTS (cont,) 


Induction generators in parallel split the load between 
themselves in accordance with the power input from their 
respective prime movers, For exanple, an increaso in load 
may be met by increasing power from one prime mover, The 


connected induction generator will be driven at a slightly 





greater speed (or more negative slip) and the increase in 
load is supplied by this generator, Alternatively, to moet 
an increased load both prime movers could be caused to in- 
crease power input, Then both induction genorators will 
assume a share of the increase of load, üxcent for the slip 
speed changes, which are almost negligible, this action of 
dividing the load is accomplished in the same mannor as is 
done with synchronous generators, 

The dotted curve of Fig, XIII indicates that the line 
Voltage can be maintained at a constant value with varying 
load by propor adjustment of excitation capacitance, This 
Compares exactly to the field adjustments made in the synch- 
ronous generator to maintain constant voltage with load, 

Fig. XIV, Fig. XV, and Fig. XVI are sanples of the many 
oscillograms taken to show the transients ensuing after 
paralleling using, thse recomacnded procedure, It із to be 
noted that іп every caeso the line voltage (line III on the 
oscillograms) decreases at the instant of paralleling and 


then slowly builds up as the incoming machine builds up 
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IV. RESULTS AND DISCUSSION OF RESULTS (cont,) 









voltage, (See discussion of Fig, VI on voltago buildup.) 


This lower voltage helps reduce the transient current which 





flows in the stator circuit of the incoming machine (line II). 






The stator current of the machine in operation. prior to 





alleling is subjected to a less violent transient than 









the stator current of the incoming machine, In addition to 
the advantage of comparatively low transient currents it 
should also be noted that all transients ¢~reater than one per 
unit value last no longer than the first cycle, 

If one were to compare the parallel operation of induc- 
tion generators with synchronous гепегабогв the porformance 
characteristics indicated in the preceeding paragraphs would 


811 be listed as advantages of the induction scnerators, 
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ү. CONCLUS TONS 


The study made of the induction generator revealed the 


following: 


(1) 


(2) 


(4) 


(5) 


(6) 


The induction generator with shunt capacitor- 


excitation can act as an independent generator; 


no load voltage build up, initiated by resid 
magnotism, is reinforced by the action of the 


excitation capacitance and continues to build 





up the voltage until saturation causes the 
machine's magnetizing reactance to equal the 
capacitative reactance of the excitation 
capacitors, 

If the induction generator fails to build up 
due to loss of residual magnetism, flashing 

the stator windings wi11 reestablish the 
negnetlem in the rotor, 

An induction generator can deliver power com- 
parable to the power it is capable of absorbing 
when operating as an induction motor, 

Induction generators are well adapted to 
parallel operation, 

Generator transients occurin: during normal or 
abnormal operation are of no consequence, 
Except for the possibility of over exciting the 
capacitor-excited induction gencrator either by 


A. 





V. CONCLUSIONS (oont.) 


too much shunt capacitance or by too much 

leading power factor load, the induction 

generator is in itself quite foolproof, 
Although it is not likely to supplant the synchronous 
generator for power and lighting loadsa at the conventional 


frequency of 60 cps, the induction generator may well find 


use in supplying, power for the following applications: 
(1) Laboratories or other activities desiring a 
voltage of pure Sinusoidal waveforn, 
Unattended power boosters in remote sections 
of power lines, 


Power plants generating at frequencies Bub- 





Stantially above 60 cps, 





An outstanding advantage of the induction generator 
over the synchronous generator lics in the ability of the 
formor to operate at much higher rotating speeds, This 
advantage 16 а direct consequence of squirrel cage rotor con- 
struction, Tnerefore, At is recommended that further investi 
gation of the machine be made at higher rotating speeds and 
the corresponding, higher frequencies, 

The practicability of automatic voltage regulation us 
Btatic devices, possibly saturable core reactors, should be 
investigated, 

Transiont response of the generator with compound 
capacitor-excitation is a field for further study. 

Also a study of available magnetic materials might be 


made to determine which material has characteristics to give 


the best voltage regulation with a minimum of exciting losses, 


















To obtain the experimental data for steady state and 







parallel operation characteristics, the circuit shown in Fig, 
A-I was used, For the sake of clarity, much of the ext 
Wiring ----- such as the cathode ray oscilloscope connections 
and the synchronizing lamps between the synchronous motor 
(load) and generator terminals ---- have been omitted from 
this figure, 

The rheostats Ry and Ro pernitted the manual adjusting 
of generator frequency for single generator operation. For 
parallel operation these rheostats were further used to 
shift the load betwsen generators, 

To deternine no load losses and also to determino the 
division of losd in parallel operation, d, c. voltmeters and 
amneters were used in the power leads to the drive motors, 

The condensers (indicated by C in Fig, A-I) used for 
excitation purposes permitted a wide range and fine variation 
of the excitation capacitance, The following capacitors 
were available in sach leg: 

1 at 53,8 microfarads 
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DETAILS OF 


In addition when compound excitation was investigated, a 
series capacitor of 188 microfarads per log was used, 

The load for steady state and parallel operation was a 
6.7 HP synchronous machine which was used also as a synchro- 
nous condenser, The rheostat, Roms controllcd the pover 
factor of the lond, This schene was used because it over- 
comes the difficulty of attenpting fine control of povrer 
factor using resistors, coils, and condensers, Another 
reason for choosing a synchronous motor load was to facili- 
tate the determination of gencrator frequency, A tachometer 
attached to the synchronous motor shaft then indicated the 
line frequency, | 

| The synchronous motor drove a а-о generator whose load 
wasp controlled by the rheostat, Rps wnich determined the 
field current of the d-c machine, Also the dec machine was 
needed to bring the synchronous machine up to speed before 
putting the letter on the line, 

As can be seen in Fig. A-I, the circuit was adecuately 
instrunented во that the folloving quantities were readily 
eveilable: 

Lino voltage, each phase, 

Generator stator current, cach phase, each leg, 
Line current to load, each phase, 

Pover to load, 

Pover factor of load, 

Power to each primo mover, 

Speed of each prime mover, 


Frequency of lins current, 
2 32 « 
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C:DURS (cont.) 





А cathode ray oscilloscope connected across tho capacitor 
terminals provided for constant inspection of tho voltage 
waveform, 

To facilitate the expsrimental work, and since the 
various macnines used were scattered throughout tho labora- 
tory, all control and instrument loads were led back to the 
operatin:r bench here all instruments and rneostats were 
locatcd, 

Much time was spent in attenpting to find machines which 
generated balanced voltages, and machines which drew balanced 
linc currents, Many combinations of generators and motors 
were tried before an acceptable degree of unbalance was 
attained, Within 55 was finelly accepted, To maintain 
balance under differeit valuos of excitation, it was necessary 
to calibrate the condenser banks used, 

For the transient studies a Westinghouse Type PA portable 
oscillocraph as used, The instrument has four recording 
elements, Yor all oscillograms, except the transient response 
of the frecusney regulator, standerd elemente, sensitivity 
0.15 anps per inch vere used, For recording the frequency in 
the abovo mentioned case, a sensitive element, C,025 inches 
per amp, vas used, 4 svitch on the oscillograph synenronized 
the opening of the camera shutter wit the closing of the coil 
controlled "guillotine" switch which initiated the transient, 


= 345 - 








The four elements were sufficient to obtain the parti- 


nent data for cach transient except the sinple phase short 


circuit when it was desired to reoord seven variables, An 


attempt was made to run the transient on two separate 
oseillogrens, Of course, the difficulty of initiating the 
transient at exactly the same phase time was encountered, 
The two oscillograms shown in Fig. XII represent the closest 
agreement obtained in many attempts, 








И Nameplate Data Of Machines Used Аз Сопогаіогв 


MIT INDUCTION MACHINZ NO. 704 (SCUIRREL CAGE) 


Westinghouse Type CS Induction Motor 
Frame 4850 Serial No. 4884645 Style 890120 


7.5 HP 220 volts бо срв 3 phase 
Poleg 4 = B w 8 - 12 
Amps per terminal 19,7 - 19.3 - 25.5 - 33.8 
Full load КРИ 1710 - 32199 - 7550 = 570 
Temperature rise 50? С, іп 1 hour at 100% load, 


“II, МІТ INDUCTION MACHINE NO, 80A (SOUIRREL CAGE) 





General Xioetric Co, Inüuction Motor Type КТ 180 Form C 
Serial No, 993560 6 poles 

5 HP 60 cp8 3 phase 

220 volts 14,2 amps No load spend 1200 RPM 








І, MIT INDUCTION MACHINE NO, 704, 


At no load, Уі = 297 volta: 


П = 900 RP, 


V д = 230 volts, 


D 


I с = 10.8 ampe, 


D 


At no load, V, = O volts (not excited): 


n = 900 RPH, 


Voc = 231 volta, 


1) 


No Load :xoitation Loss (for νι = 297 volts) 


At near rated load, Vy = 245 volts: 
В = 910 КРМ. 


a 4.8 Ey, Power Factor = 1.0. 





< 
ο 


it 


250 volts, 


— 5 : “a ‘ens 
50.8 amps. Poe = 7.1 KV, 





‘II, MIT INDUCTION MACHINE NO, BOA, 


At no load, Vy = 296 volts: 
n = 1200 RPM, 
Voc = 117 volte, 


Inc = 6,5 amps, Рус = 0,76 KW, 


At no load, Чү = O volts (not excited): 


n = 1200 RPM, 
Voc = 118 volts, 


Της = 2.0 ATNPS, Pog = 0,24 wer 


No Load Excitation Loss (for 3 = 296 volts) = 0,52 Ky. 





At near rated load, М3 = 245 volts; 


п ж 1250 RPM, 


Pag = 2.1 KW, Power Factor = 1,0, 


Inc = 32,5 amps, Pog 2 2.61 KW, x 





LOAD CHARACTERIWTICS, Machine No, SOA, ehunt = 
excited, Frecucncy = 50 ops, C = $4 microfarads, 


Power Leg /Lead 
Factor 





=| Sar = 





Run ITA, LOAD CHARACTERISTICS, 


Machine No, 704, shunt 





excited, Frequency = 60 cps, U = 142,8 micro- 
farads, 
NA: | mu РА 
volts | 
274 6.8 | Б 
268 25-9 Τῷ 
266 25.6 1,6 
De 29.2 1.0 
248 2902 2,0 
254 5.4 Сат O Lag 
250 6,6 19,3 : 0,3 Lag 
203 Ta ЖО» 2.74 0,86 Lag 
258 раб 237 170% 0.82 Lag 
276 ο 25.9 1, Ο.Ε} Load 
282 2 282 πο О. ТТ Load 
ον u 2.0 5.50 0,85 Load 
279 Si Su 1.09 ο Lond 
Run 118,  Freguency z 120 орз, С = 28,0 microfarads, 
V 1 i P Power 
455 о О 2 
414 50 ШӨ: eS HG 
311 7.5771%0 "O8 1,0 
Eo 
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LOAD CHARACTERISTICS. Machine No, 80A, tom- 
pound excitation, Frequency = 60 eps, Shunt 


capacitance, C = 66 nicrofarads; serics 
capacitance, C, = 188 miorofarads, 


of load = 1,0, 


V V I 


G L G L L 
volts volte anpe amps Ku 
305 4146 0.0 0.00 
297 12,5 3.4 1.94 
308 16.0 695 3.20 


+ i 


FREQUENCY REGULATOR CHARACTERISTICS, 
factor of load is unity. 


Poor 


Powsr factor 








Pr Synchronous Motor Speed Frecuency 
Kw ЕРИ ао5 

O 1500 60,0 
2.0 %79% 59.9 
2,6 1794 59,8 
5.1 TP 59,8 
59 1798 59.7 
4,6 1791 Du! 
5.1 1789 59,6 
5.4 1789 28.5 


= 40 = 








Note: Machine No. 704 generating at 60 cps was used for 
811 transient studies, 


Run I, No Load Voltage Build Up, Refers to Fig. VI, 


С = 142,8 microfarads, 
Final Vy, = 278 volts, 
Final In = 27.2 Amps, 


Starting An Induction Motor, 


(a) Machine No, 709, 3/4 HP, wound rotor motor, 
G = 142,3 microfarada, Refers to Fig., VII. 
Before start: 


Vi = 268 volts. 


I, = 24.5 amps, 


G 
After start (steady state): 
ж 255 volts; 





Ц 


21,5 anps, 
L = 2.5 Amps. 


(b) Machine No, 713, 1 HP, Scuirrel cage motor, 
G = 200 microfarads, Refers to Fig, VIII. 


Before start: 
a 
1, = 43.0 anps, 


= 330 volts, 


After start (steady state): 


li 


320 volts, 
I, = 41.0 amps, 


т, = 2.0 anps, 
= А 











Run III, 


3 Phase Short Circuit, 


(a) From light, balanced load, 
fareds, Refers to Fig, IX, 


Before shorts 


V 


г = 242 volts, 


I = 5,8 amps, 


From rated, balanced load, 
farads, Refers to Fig. X. 


Before short: 


Чү, 205 volts, 
G 


I 24,2 amps, 


I 14,6 amps, 


тұт 


Cz 142,8 micro- 


С = 142.8 micro- 


From unbalanced losd, C = 200 microfarads, 


Rerers to Fig. XI, 
Before short: 


ү 
LAB 


50 


Vt. = 290 volts, 
CA 
αι = L = 13,4 amps, 
ы 
I = 10,0 anps, 


H 


I, = 34,3 anps, 
А G 


= 294 volts, 











в. Iraneiente (cont.) 


Run V, 


Single Phase Short Circuit, ¢ = 142.8 micro- 
Гагайв, Refers to Fis, XII, 


Before shorty 


ү 


L = 205 volts, 





Ig = 24,2 amps, 


L, = 14,6 amps, 


Paralleling, Refers to Figs, XIV, XV, and XVI, 
Before paralleling: 
Machine Чо, 704, desicnated below by sube- 
script "1", on the line, Machine No, 80A 
rumin- umexcited at 1215 RPM, | 


I, = 22,6 amps, 
1 


γι = 275 volts, 


С = 142.8 microfareds, 


After paralleling: 


I. = 15.8 азрв. 
1 


із, = DM amps, 


V 


= 2e5 volist 


С = 142,8 алрв, 


- 43 - 
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